INTRODUCTION
Three types of concretions were recovered during Leg 81 from Holes 552A, 553A, and 554A (Table 1) , located on the west margin of the Rockall Plateau (Fig. 1 ). In the sedimentary section, these concretions are located at the level of major unconformities, in condensed sequences representing a period from early Eocene to Miocene. This study is a detailed mineralogical and geochemical investigation that permits comparison among the three holes and between the fossil Leg 81 concretions and recent polymetallic nodules found on the ocean floor.
ANALYTICAL PROCEDURE
Several techniques were used for the mineralogical and geochemical data:
1. A scanning electron microscope (Camebax) with an X-ray dispersive spectrometer (Edax) was used for morphological examination, mineral analysis by point, global analyses of samples for areas of several square millimeters, and also for nannofossil specification. The quantitative analysis is conducted with a nonautomatic ZAF program, using standard minerals. The sample porosity does not allow for correction of 100% of the oxides, weight deficit for the water content; we have normalized all analyses to 80%. This approximation is justified by the results of the chemical analyses obtained on the same whole samples (hydroxides, clay minerals, etc.).
The relative errors are (1) less than 5% for elements whose concentrations are >10%, (2) 10% for elements whose concentrations are between 5 and 10%, and (3) -20% for elements whose concentrations are <5%.
The detection limit is 1000 ppm (0.1%). The data reported in the tables are typical analyses of a facies or a group of minerals. Several typical analyses are reported if an important variation appears.
2. X-ray mineralogy determinations were performed on bulk samples or clay fractions (<2 µm) with a Philips diffractometer system equipped with a graphite crystal monochromator (CuK α radiation).
3. Instrumental neutron activation analysis was used for determination of trace elements in selected samples. The rare earth elements (REE) were measured by chemical neutron activation; details of the chemical separation after irradiation are described in Courtois and Jaffrezic-Renault (1977) . The countings were made on high-resolution GeLi detectors. The analytical error for each measurement is about 10%.
4. A large number (=130) of microprobe analyses were conducted on Samples from Holes 552 and 553, allowing statistical study. Hole 552 was drilled in 2315 m of seawater. At 174 m below the water/sediment interface, a 1.50-m condensed sequence representing the late Eocene, Oligocene, and middle Miocene was recovered (Fig. 2) . In Sample 552A-37-1, 19-23 cm of this sequence, a Fe-Mn nodule is interstratified in a sedimentary section for which the observations made on the Glomar Challenger reveal a disordered stratigraphy from Zone NP15 to NP24 (Plate 1). The surface of the nodule is covered with carbonate ooze, smectites, Mn oxides, and zeolites (Plate 2, Fig.  1 ). The nannofossil assemblage contains Isrnolithus recurvus, Discoaster barbadiensis, D. saipanensis, Reticulofenestra umbilica, and several Chiasmolithus (Plate 2, . This assemblage corresponds to Zone NP19-20, which seems to be the period of nodule burial. Indeed, nodules are growing at the sediment water/interface, as seen with radioactivity measurements (Ku and Broecker, 1969) but cease growing when they are buried (Somayajulu et al., 1971) . In the nodule from Hole 552A we found no excess of 230 Th, since it is a fossil nodule (Reyss, pers. comm.) .
The nodule has an ellipsoidal shape, the larger section having axes of 7.1 and 4.4 cm. The Fe-Mn oxides are 8 mm thick and encrust an indurated ellipsoidal nucleus.
The Nucleus
The nucleus is almost completely formed by indurated clay and by rare diatoms and phosphatic debris. Cracks are filled with zeolites and manganese; some onionlike dendritic structures of Mn-oxides penetrate the clays (Plate 3, Fig. 2 ). Many cavities with angular sides exist; they are rarely filled by minerals but always covered with authigenic clays (Plate 3, Fig. 1-4) . These cavities corre- spond to the dissolution of volcanogenic material. Some glasses are still present, but the polishing did not preserve them sufficiently to allow analyses. The chemical analyses (Table 2) show that the average TiO 2 content is 3% and reaches 10% for some brown areas where iron is also enriched. Clays have an X-ray powder pattern of dioctahedral iron smectites (060 peak l,505Å; Desprairies, 1983) and are well crystallized (Fig. 3A) . The chemical compositions and structural formulas of these minerals are nearly iron beidellites, with high tetrahedral charge, and Fe-Al substitution below or equal to 1 (Weaver and Pollard, 1973) . The cavities are covered with more Mg and slightly more siliceous beideilites than the average composition (Table 2, columns d 1 ,d 2 ), and the TiO 2 content is very low. The chondritic normalized REE distribution is light REE (LREE) enriched (La/Yb = 19.6). A positive Ce anomaly appears and is quite pronounced (Ce/Ce* = 5.6; Ce is the measured concentration and Ce* is the interpolated value between La and Nd as if the Ce shows no anomaly). Apart from Ce, the absolute REE concentrations are still low for clay material (Piper, 1974a,b) (Table 3 , Fig. 4 ).
Contact between Nucleus and Fe-Mn Concretion
Crustal Zone
This zone contains biogenous debris that underlines an important organic activity at the beginning of the manganiferous deposit (Plate 3, Figs. 5, 6) . Phillipsite occurs in the cavities and Fe and Ti concentrations are higher than those found in the nucleus (Table 4 , column CO.
The Fe-Mn Zone The crustal zone is constituted by typical "δMnO 2 " botryoids (Plate 4, Fig. 1 ) with three more dense and darker groups of laminations that correspond to Mn enrichment (Plate 4, Fig. 2 ). The Fe/Mn ratio of 2.2 in the major phase decreases to 0.4 in the Mn laminations. Some lenticular Mn-depleted zones are switched in the structure (Table 4 , column b 4 ).
X-ray analysis reveals very rare quartz, feldspars, and amorphous silica, and a small amount of phillipsite. With a weak peak at 9.8 Å of todorokite, the typical δ MnO 2 reflections exist around 2.44, 2.25, and 1.41 Å. A weak 060 reflection of the smectites appears at 1.51 Å (Fig. 5A) . A transverse analysis reveals nonsystematic variations for major elements associated with the major Fe-rich phase, except for Ti which is enriched near the nucleus and decreases rapidly in the first few millimeters (Table 5 , Fig. 6 ). Transition elements (Co + Cu + Ni) have contents <0.5% in the dominant phase but exceed 3% in some Mn-enriched zones, where Co reaches 1%. The chondritic normalized REE pattern is LREE enriched (La/ Yb = 15.1) and shows a strong positive Ce anomaly (Ce/Ce* = 7). Absolute REE concentrations are high (Table 3 , Fig. 4 ). Note: a, from Hoffert et al. (1980); b, from Bonté (1981) .
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Sm Eu Tb Rare earth element Yb Lu Figure 4 . REE abundance patterns of nodule from Hole 552A, nucleus and cortex (or crustal zone).
Cracks and the External Zone
In the upper part of the crustal zone (Plate 4, Fig.  3a ), two types of fissuration have been recognized: the first one, concentric, is filled by green clays; the second one, sometimes concentric but also radial, is chiefly filled by a white powdery sediment with much calcareous debris. The two types of fillings are composed by Table 6 . Nodule from Hole 552A. Chemical composition of clays filling the cracks and structural formulas calculated on 11 oxygens.
Note: Dash indicates no data. The association between clays, Mn oxides, and phillipsite exists in the two types of fissuration and in the external zone. In all three cases, carbonate is abundant. It is almost completely replaced by green clays in the first cracks (Plate 5, Fig. 2 ) but only partly in the white deposits and the external zone (Plate 5, Figs. 3, 4) . These clays are dioctahedral smectites (Fig. 3b) . The 100% deficit is high (35%) for the white clays and low (15%) for the green clays that have more dense texture. According to the iron content, the white clays are similar to iron beidellites (octahedral-Fe < 1, Table 6 ). However, these two types of smectite have low Al content (Mg/Al ratio 1) and consequently a low tetrahedral charge. This fact is in agreement with the montmorillonite family rather than the beidellite-nontronite family (Brindley and Brown, 1980) . Therefore, the fissural white smectites are different from the volcanogenic smectites of the nucleus.
Hydrated Mn oxides (todorokite, Fig. 3B ) occur either with a massive structure that contains a very low concentration in transition elements, or as laminated "micronodules" (Plate 5, Figs. 1-4, is always present, reaches 9% in foraminiferal fillings of the external zone. The zeolite is a Na-K phillipsite with an average Si/Al ratio of 2.9.
Hole 553
At 2339 m depth in Hole 553, 200 m below the water/ sediment interface, a nearly 50-m condensed sequence representing an interval between the middle Eocene to the late Miocene with several unconformities was recovered (Fig. 2) . In Sample 553-9-6, 4-6 cm a round nodule of 27-mm diameter is located at the Zone NP25 stratigraphic level, which marks a hiatus between the Oligocene and the middle Eocene. This is a clay-iron oxide concretion surrounding a 3-mm diameter nucleus (Plate 6, Fig. 1 ).
The nucleus is composed of biogenic sediment replaced by phillipsite and green clays indurated by silica (Plate 6,  Fig. 2 ). The crustal zone has a botryoidal structure similar to the typical nodules, but without Mn (Plate 6, Figs. 3, 4) . It is formed by brown clays sometimes enriched by Fe hydroxides (up to 35% Fe 2 O 3 , Table 8). X-ray data show the 060 smectite reflection situated at 1.510 Å, which corresponds to Fe dioctahedral smectites (Fig. 3C) . Green clays are interbedded within the structure (Plate 6, Fig. 4) , fill the cracks, and also cover some parts of the nodule and indurate the surrounding sediment. The chemical compositions are reported in Table 8 . The iron contents are lower in the green clays than in the brown clays. Al contents remain low and are of the same order as in Site 552 nodule cracks. The Mg/Al ratio varies from 0.6 in the green clay of the crustal zone to 4 for green clays found in the external zone or in the surrounding sediment (Plate 6, Figs. 5, 6.). Some Fe smectites are very depleted in A1 2 O 3 (Table 8 , columns f, g), and it becomes difficult to calculate the structural formula of these minerals without the input of Si tetrahedral excess of charge, which is theoretically not acceptable (excess of silica comes from amorphous material not identified by X-ray). Nevertheless, the composition of these smectites is very close to that of Si-Fe "nontronites" found in oceanic hydrothermal deposits (Corliss et al., 1978; Hoffert et al., 1980) , but this does not mean that these minerals have the same origin.
Phillipsites, which occur in the nucleus and in the crustal zone, are Na/K phillipsite and have a Si/Al ratio of 2.9. REE analyses have been conducted on the whole crust and on separated brown and green clays. The patterns of the three phases are LREE enriched (Fig. 7) (La/Yb = 16). A weak positive Ce anomaly appears (Ce/Ce* = 2, Table 3) in the whole crust, mainly formed of brown clays, and also in the brown clays themselves. The green clays have approximately the same distribution and the same REE absolute concentrations as brown clays, but the Ce enrichment does not exist.
Hole 554
At 2584 m water depth, 119 m below the sediment/ water interface, an unconformity between the early and late Eocene, represented by an 11-cm Mn-rich layer was recovered (Fig. 2) . The stratigraphic position corresponds to the NP19-20 biozone. This level is principally made of two types of concretions:
1. Debris of a nodule (Plate 7 , Fig. 1) ; 2. Aggregates of Fe-Mn micronodules and indurated sediment formed by biogenic carbonate and phosphatic debris (fish teeth) which are encrusted by Fe-Ti and filled with green clays, phillipsite, detrital minerals (feldspars, pyroxenes, olivine, ilmenite, chromite), and epiclastic basaltic fragments.
The nodule fragments have typical botryoidal δ MnO 2 structures. Some feldspars remain in the structure and SiO 2 content is high. Ni and Cu are in low concentrations in the Mn-rich zones but Co is not detected (Table  9) . X-ray patterns show the 060 dioctahedral smectites reflection associated with δMnO 2 reflections (Fig. 5B) .
The micronodules (up to 0.5 mm diameter) have an onionlike structure or a massive fibrous structure (Plate 8, Figs. 2-4); they are formed by a well-crystallized todorokite (Fig. 8) . Mn concentrations are always very high (MnO > 50%) with Mn/Fe > 25. Transition elements Ni and Cu (Ni + Cu up to 3%) occur in the onionlike structures but do not appear in the massive structures. Co is not detected, and Ba concentrations are low. The zeolites associated with the micronodules are K, Na, and Ca phillipsites and clinoptilolites (Table 10) , with Si/Al = 2.9 for the phillipsites and Si/Al = 4.25 for the clinoptilolites (Plate 7, Fig. 5 ). The fillings of the biogenic structures (Plate 7, Fig. 6 ) are composed of Na-K phillipsites or of smectites that have a chemical composition (Table 9 , a ls a 2 ) close to the green clays of nodules from Holes 552 and 553.
COMPARISON AMONG MINERALOGICAL FACIES Sedimentary Material

Biogenic Material
The biogenic debris present essentially in the nodules from Holes 552 and 553 is or was essentially carbonate material: foraminifers and nannofossils. At the top of the nodule from Hole 552, foraminifers are filled either by green clays or by Mn oxide or both together (Plate 2, Fig. 1 ). The nannofossils are mixed with phillipsites and smectites and are still quite recognizable. They are also well preserved in the white clays from the cracks. In green clays, only some foraminiferal "tests" remain but the major part is dissolved, as are the coccoliths. The carbonate dissolution also exists in the green clay situated in the external zone of the nodule from Hole 553. In the nucleus of this nodule, biogenic "tests" are replaced by phillipsite (Plate 4 Fig. 2 ).
Lithogenous Material
The nucleus of the nodule from Hole 552 is mainly composed of smectites and shows several cavities whose morphology looks like old volcanic glass. The REE pattern has a fractionation similar to those occurring elsewhere in volcanogenic materials that have been differentiated with regard to LREE-depleted typical deep-oceanic tholeiites (Frey and Haskin, 1964; Gast, 1968; Joron et al., this volume) . Moreover, the positive Ce anomaly indicates that the transformation took place in an oxidizing medium since it has already been recorded in palagonitization processes in other Deep Sea Drilling Project (DSDP) holes (Frey et al., 1974; Ludden and Thompson, 1978, 1979; Juteau et al., 1980; Bonnot-Courtois, 1980) . The clay would come partly from the transformation of volcanogenic material, with progressive increase in the crystallinity until smectite formation, e.g., the coating of cavities.
We tried to detect the origin of the volcaniclastic materials from the geochemistry of hygromagmaphile (Th, Ta, Hf,..) elements, which are indicators of mantle origin (Joron and Treuil, 1977; Joron et al., 1978) . The results, together with REE data (Desprairies et al., this volumn) , lead to consideration of an "emerged" oceanic area, which could be the Island-Faeroe Ridge, during the nodule-formation period (Donn and Ninkovitch, 1980; Sigurdsson and Loebner, 1981; Grousset et al., 1982) .
All the crustal zones of the nodules from the three holes have high Si-Al contents, since they incorporated various quantities of smectites, especially in Holes 553 and 554. The REE distributions of the nodules from Holes 552 and 553 are quite different. The nodule cortex from Hole 553 has a low REE content and a weak Ce anomaly, contrary to the high concentrations and positive Ce anomaly of the Hole 552 nodule, which is similar to the characteristics of recent polymetallic nodules.
Detrital clays are found with biogenic tests in the cracks of the nodules. (Plate 5, Figs. 3, 4,) .
Feldspars and quartz are found together in the cortex of the nodules from all three holes and also in the cracks of the Hole 552 concretion, but quartz is absent in the nucleus of the Hole 552 nodule.
Mn Oxides
The "δMnO 2 " The nodule from Hole 552 and the fragments of nodule from Hole 554 are formed by poorly crystallized hydrated Mn oxide, mixed with Fe-rich phases and silicates: this association corresponds to "δMnO 2 " (Cronan and Tooms, 1969 ). The chemical composition shows greater quantities of Si-Al in the Hole 554 nodule, which is in other respects depleted in Cu and Ni (three times lower), and where Co is not detected (< 1000 ppm). Recent Atlantic nodules also show great variation in their chemical composition, especially for transition elements (Cronan, 1975) .
Todorokite
As in nodules present on the deep-sea floor, the Mnrich layers from the Hole 552 fossil nodule (Plate 4, Fig.  2 ) contain todorokite. This mineral also occurs at the surface and in the cracks of this nodule, as well as in the concretions enriched in zeolites from Hole 554, where it is well crystallized. Transition elements Co + Ni + Cu are included in the microlaminated structures (up to 3% in the richer phases) but are absent in the fibrous massive structures. High Ba concentrations (BaO = 9%) are found at the top of the Hole 552 nodule. The optic reflectance of the Ba-rich oxides is that of psilomelane (Perseil, pers. comm.). Si/Al ratio is always above one in typical microlaminated structures and in Mn-rich layers, and below one in Mn-oxides from the cracks, which can present very low Si concentration (inferior to 1%). Mg concentrations are always high.
The Green Clays
Green clays occur in the three holes: for the Hole 552 nodule, in the cracks and the external part; for Hole 553 nodule, in all the different facies described; and for the Hole 554 concretions, they fill the biogenic structures. Their chemical compositions are sometimes close to those observed for nontronites found in typical oceanic hydrothermal deposits. The Al and Fe contents permit distinction between green clays and lithogenic clays, but the K concentrations (Fig. 9) are too low to lead to glauconite (K 2 O~ 297o). Furthermore, polished-section studies give a Mg/Al ratio close to one whereas analyses of phyllites give a Mg/Al ratio of three. This phenomenon represents a mixing of smectites.
The Zeolites
Phillipsites are common in the three holes. They are abundant in the botryoidal structures and have invaded the void created by the dissolution of organisms. In the Hole 552 nodule cracks, the phillipsites are associated with Mn precipitations. The chemical composition always leads to Na-K phillipsites with high Si/Al ratios equal to the ratios given by Stonecipher (1978) . When clinoptilolite is also present in Hole 554, the phillipsites contain more Ca.
STATISTICAL STUDY OF GEOCHEMICAL DATA
This study of the repartition of nine major elements (Si, Ti, Al, Fe, Mg, Mn, Ca, Na, and K) has three objectives:
1. Comparison of the two best-preserved nodules, the first one Mn-bearing (Site 552); the second one, Fe-enriched clay (Site 553); 
Identification of the geochemical facies typical of the different phases composing the two nodules;
3. Investigation of the eventual geochemical relationships in and between six observed morphological units: the core of the first Mn-bearing nodule (A), its Mn crust (B) cut by diagenetic oxides (C) and sediment infilled concentric (D) or radial (E) cracks that have to be compared with the second, Mn-less nodule (F).
To avoid mixing the primary determinations of the existing elements with the various remaining factors that enter the 100% difference of the microprobe analysis (texture, clay fraction wetness, significant concentrations of trace elements, etc.) raw data figures were used in the calculation. The data were plotted by a factorial analysis using normed principal components (Lebart et al. 1977) with triangular projections and specific treatment of each of the morphological units for clearness of partial and total correlations between major elements.
Principal-Component Analysis 3
In this calculation of four factors, the two first (plane F λ F 2 ) correspond to 60% (Table 11 ) of the total variance of the system.
Variable results show that six (Si, Al, K, Mg, Mn and Fe) of the nine initial variables, situated near the correlation circle (Fig. 10) , are well represented on the plane (F lf F 2 ) . The first factor (F ) shows an Al-Si phase opposite to a complex precipitated Fe-Mn phase. The second factor (F2) shows a strong negative correlation between Fe and Mn. The F x -F 2 projection distinguishes an opposite relationship between Ca and the silicate phase, 1 Genstat Programs, UNIVAC, Paris Sud Informatique, Orsay (France). a positive correlation between Ti and Fe, and a specific behavior of Mg that is opposite to Fe and related to Mn and to Al-K, representing silicates.
Studied morphological units enclose one or sometimes several phases having different geochemical characteristics. In some cases, the geochemical facies could be very similar and a superposition occurs (Fig. 11) . Samples can be divided into six groups:
1. Quadrant IV: a lithogenous silicate phase (Si, Al, K) corresponds to the nucleus of the nodule from Hole 552 (A).
2. A bipolar oblique unit represents the clays filling the cracks (E) of the Hole 552 nodule corresponding to lithogenous silicates and diagenetic phases.
3. Samples of detrital and/or diagenetic origin are gathered near the axis origin. Si, Al, Mg, and Fe concentrations vary and represent the sediments that fill radial cracks (E) and clays from the concentric cracks (D) of the Hole 552 nodule. Projections of the Hole 553 samples fall in the same area.
4. Quadrant I: the most Fe-rich pole represents typical botryoids of the Mn nodule (B). This family, relatively Ca rich, can be divided into two groups: one enriched in Ti with highest F 2 axis, the other one Ti-poor but Mn richer, near the F axis. (1) radius (major elements). Plane Fj,F 2 5. Two groups appear in quadrant II and correspond to the Mn oxides of the Hole 552 nodule. The botryoidal laminations (F) fall onto the Mn direction, and the Mn-oxide grains (C), located in the cracks, fall onto the second factor axis between Mg and Mn directions.
The mean values and their related 90% confidencelevel variation interval calculated for each of the morphological units express these geochemical differences and similarities: the core of the first nodule (Site 552), characterized by its high Si-Al content but also relatively abundant Ti and Ca, contrasts with the other Mnless classes that are rather Al-poor, Fe-rich materials. The cation-ratio table (Table 12 ) stresses the geochemical resemblance of the Site 553 nodule's cortex and the material infilling the Site 552 nodule's cracks. The difference between the Fe-rich botryoids and Fe-depleted Mn-rich diagenetic oxides reflects the Fe-Mn opposition of the metalliferous material whose Fe and/or Mn gain is compensated by a diminution in Si, Al, and K content. However, the still significant quantities of these elements show, in both cases, the persistence of a silicate frame.
Ternary Diagrams
Si-Ti-Mn Projection (Fig. 12A) Along the Si-Ti side, the Ti-rich core of the first nodule separates from the Ti-poorer Mn-less sediments. In the middle of the diagram, the Mn botryoids' triangle stretches from a Ti-Si rich side to a Mn-enriched apex, showing the two subclasses of this fraction. Near the Mn pole, the cluster of Mn oxides presents a separation gap between the Mn-richer oxide grains and the more Si-Ti associated botryoidal laminations. The differences in the respective position of the Mn-less class here contrast the Ti behavior to that of Fe. Ti is in fact more concentrated in the core of the first nodule than in the other Mn-less sediments, and the remaining broad Si/Ti ratio variability accompanying the Mn-content increase of the botryoids partially reflects the variation of Ti from this nodule's core toward its outer cortex.
Fe-Mn-Mg Projection (Fig. 12B) The Mn sediments (along the Fe-Mn side) completely exclude themselves from the Mn-less ones (along the FeMg side), both showing independent Fe gains. Symetrical to the Fe-Mg opposition in the clay fractions, an FeMn competition appears in the Mn fractions. The stability of the Mn/Mg ratio during the Fe invasion underlies the opposition of the Fe content increase to its conjoint Mn-Mg gain. As a result of their lower Fe content, the Mn oxides show a lower Fe/(Mn + Mg) ratio combined with a slight Mn/Mg ratio diminution in the Mn-Mg richer oxide grains.
Fe-Al-Mg Projection (Fig. 12C ) This Mn-independent diagram reveals the geochemical trends of the clay Mn-less sediments. The core of the Site 552 nodule consists of mainly aluminous material susceptible to a slight conjoint Mg-Fe gain keeping the Fe/Mg ratio constant. Although less aluminous than the core, the material infilling the radial cracks and part of the sediment in the concentric cracks of this nodule's cortex follow a similar evolution. The rest of the concentric infilling corresponds to authigenic clays containing slightly more Mg and much more Fe than the latter Mg-Fe-enriched but still aluminous sediment. The Site 553 Mn-less nodule is made of two kinds of material: Fe-rich botryoids close, on this projection, to those of the Site 552 nodule and authigenic Fe-Mg-rich clays which plot here parallel to the Mg-Fe side, near the authigenic clays of the Site 552 nodule's cracks (green clay facies) and seem equally derived from a more aluminous material.
The Mn phases separate in two opposing clusters. The main trend of the botryoids follows a line parallel to the Al-Fe side as the silicate frame is invaded by the Fe fraction with, at the end of this evolution, a diverging FeMg side parallel branch denoting indirectly the Fe-(Mn + Mg) competition. The Mn-oxide projections, parallel to the Fe-Mg side, point toward the Mg pole, as their low Al silicate frame coexists with the more and more abundant (Mn + Mg) oxide complex.
Interelement Correlations
Specific examination of the correlation pattern of the morphological unit allows us to confirm and bring minute shades of meaning to the preceding global analysis. In addition to the total correlation coefficients, a multivariate regression analysis of the Gauss-normalized data yielded partial correlation coefficients more representative of the intrinsic relationships between the elements in each couple (Riviere, 1969) . A graphic representation of the whole set of statistically significant correlations facilitates the comparison and interpretation of the obtained correlation patterns (Fig. 13) . The Mn-containing sediments can be differentiated from the Mn-less clays by the replacement of the Si-Mg and Mn-Fe affinities by a Si-Mg exclusion in the latter and an Mn-Mg affinity in the former. Except for the Tirich botryoid family, an Fe-Mg exclusion appears in every class of sediment. The total correlation graph of the Mn oxides stresses the opposition between the Mn phase and a set of cations sharing strong positive correlations (Si, Al, Fe, Ca, Na, and Ti) susceptible to enter a diagenetic silicate frame excluding K, which incidentally accompanies Mn. Such two-phase competition does not appear so clearly in the graphs of the two botryoid subfamilies because, in addition to Mg sharing links with both phases, Mn correlates positively with Ti and Ca. The more silicate-related cations (Al, Na, and K) and Fe permit detection (by the similarity of their non-Mn concerned partial correlation subgraphs) of similitudes between the core of the first nodule and its Ti-rich botryoids on one side and its Mn-rich, Ti-poor botryoids and the second nodule's cortex on the other.
Comments
The different classes of sediment can be sorted following two successive geochemical trends. An aluminosilicate phase of various nature (lithogen and precipitation deposits) is challenged by a metalliferous precipitation consisting first of Fe, second of Mn-Mg. The Mn gain, opposing the Fe gain, is closely linked with the Mg enrichment, and, like the botryoids, the Mn-richer fractions (Mn oxides of botryoidal laminations and grains
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in the cracks of the Site 552 Mn nodule) show a common Mn-Mg content increase that culminates in the Mn oxide grains along with an Fe content decrease. In the phyllite Mn-less sediments, a common Fe-Mg gain leads first to the white clays infilling the cracks of the Site 552 Mn nodule and next, a higher Fe gain, to the green clay facies encountered in both nodules.
DISCUSSION
In the three holes, drilling recovered a condensed sequence representing the middle Eocene to the middle Miocene with several unconformities sometimes marked by polymetallic concretions. The relationship between condensed sequences and nodules has already been recorded (Leclaire et al., 1976) . In the DSDP holes, Fe-Mn concretions are not scarce; Glasby (1978) made a global review for the first 370 holes. Few Fe concretions were studied (Cronan, 1973; Aumento and MacGillivray, 1975) . Sometimes the actual stratigraphic position determined by micropaleontological examination of the surface is not the same as for the sediment surrounding it (Cronan, 1973) . It seems to be the case with the Hole 552 nodule (Backman, this volume) which would be formed before Zone NP20, like the Mn layer of Hole 554A. Bioturbation or sampling would raise it in the lithostratigraphic column.
The nodule from Hole 553 has a different origin than the Fe-Mn concretions from Holes 552 and 554. The botryoidal structure is the same but REE and transition element data (Table 3) Hole 552 nodule and to the green clays. The brown clays from the Site 553 nodule and from the concretions found in the surrounding sediment are richer in Fe than the green clays and are often associated with goethite. The Ce enrichment, often related to oxidizing conditions in the sedimentation medium (Ehrlich, 1968; Glasby, 1973; Michard and Renard, 1975; Renard, 1980) , could occur not only with the Mn oxidation, but also with iron precipitation which has already been observed in weathering and palagonitization processes and in recent polymetallic nodules (Frey et al., 1974; BonnotCourtois, 1980; Courtois and Clauer, 1980; Bonnot-Courtois, 1981a,b) . A comparison was made with Mn-poor concretions (MnO, 0.3%; Fe 2 O 3 , 50.1%) covered by a Mn-rich encrustation (MnO, 22%; Fe 2 O 3 , 38%) from Romancha deep in the Equatorial Atlantic Ocean (Bonté, 1981) . Opposite the Hole 553 nodule, this sample has very high absolute REE concentrations (Table 3 ) with a strong positive Ce anomaly. Its X-ray pattern is that of poorly crystallized Fe-oxides (Fig. 5D ), whereas the Xray pattern of the Hole 553 nodule shows only smectites (Fig. 3C) .
The nucleus of Fe-Mn nodules is composed of any lithoclastic fragment or indurated sediment. So it is quite classical for the nucleus of the Hole 552 nodule to be formed by altered volcanogenic material. The ash layers are well developed in the three holes, especially during the middle-late Eocene period (see Site 552 chapter, this volume; Desprairies et al., this volume) .
The Hole 552 nodule has the same morphological, mineralogical, and geochemical characteristics as recent "Atlantic" nodules (Cronan, 1981; Bonté, 1981) . X-ray pattern comparison with a recent nodule from Bermuda (27°05N, 67°44W, TRANSAT Cruise 1975; R.V. LeNoroit) shows that the mineralogy of the Hole 552 cortex was well preserved (Fig. 5) . However, late crystallizations of zeolites and Mn phases in the cracks and in the external parts are well developed and imply a partial dislocation of the nodule followed by fillings. These crystallizations would be diagenetic features opposite to the hydrogenous character of the crust. They could take place from the beginning of the carbonated sedimentation; the Mn could be remobilized and then participate in the recrystallizations. The Mn-rich layers exist in the cortex of recent nodules with important fluctuations in their transition element concentrations (Sorem and Fewkes, 1979) . The positive Ce anomaly occurring in the Hole 552 cortex (Ce/Ce* = 7) is higher than the average value obtained in recent nodules (Ce/Ce* 3) (Ehrlich 1968; Piper, 1974a,b) . A paleonodule from the Indian Ocean, interbedded in Cretaceous carbonate sediments and studied by one of us (Bonnot-Courtois, 1981a,b) , presents the greatest positive Ce anomaly (Ce/Ce* = 15). These observations set the problem of the variation of Ce anomalies in nodules during their aging.
Mn micronodules, with concentric structures, have the same mineralogical and geochemical compositions as micronodules occurring in superficial deep-sea sediments (Lallier-Verges and Clinard, 1983) . Their Mn/Fe ratios can reach a high value of 15, and they are enriched in transition elements. The "psilomelane" found at the top of the Hole 552 nodule emphasizes oxidizing conditions which permit the incorporation of great quantities of Ba in the Mn-oxide structure. On the contrary, the second types of micronodules have a massive structure, with fibrous well-crystallized Mn oxides, similar to Mn-hydrothermal mineralizations from Galapagos mounds (Lalou et al., 1983) , which are Cu, Co, and Ni poor. Their association with green clays similar to nontronites suggests that a local hydrothermal event could have occurred in this area after the opening of the rift between Greenland and Rockall during the Eocene. Nevertheless, this hypothesis needs more investigation, in particular concerning trace elements, because the Mndepleted green clays of the Hole 553 nodule also have a major element composition very close to that of nontronites from the Galapagos (McMurtry et al., 1983; Moorby, 1983) . But REE and transition elements are higher than the concentrations found in typical hydrothermal green deposits (Hoffert et al., 1980; Corliss et al., 1978; Bonnot-Courtois, 1981a,b) .
CONCLUSION
The fossil polymetallic concretions from Leg 81, located in condensed sedimentary sequences, are formed during periods of very low sedimentation rates, as are the recent nodules.
The nodule from Hole 552, mineralogically and geochemically similar to surface nodules, suggests that the processes of genesis are the same from the Eocene to the present period. The diagenesis favors the filling of the cracks by post-recrystallizations of Mn-oxides and zeolites, and clays.
The various polymetallic concretions of Hole 554 could have formed differently. The micronodules with thin concentric laminations are typical of slow growth at the water/sediment interface or at the top of the sedimentary column. The massive micronodules, with flat crystals, could correspond to a faster growing Mn oxide, perhaps related to hydrothermal activity.
The Mn-less nodule from Site 553 is not a typical nodule with Mn depleted by leaching, but a clay concretion which was invaded by Fe hydroxides in the sedimentary column. 
